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RESEARCH MEMORANDUM \J“

EXPERTMENTAY, INVESTIGATION OF DEPOSITION BY BORON-
CONTAINING FUELS IN TURBOJET COMBUSTOR

By Werner B. Keufmsn, J. Robert Branstetter, and Albert M. Lord

SUMMARY

An experimental investigetion was conducted with trimethyl borate
azeotrope and pentaeborene fuels in a turbojet combustor. The effect of
boron oxide deposlits on the turbine-nozzle area, combustor pressure loss,
temperature distribution, and combustion efficlency is included in the

study.

An sir-astomizing fuel nozzle produced a somewhat higher deposition
rate (ratio of solids deposited to oxide formed) in the liner than the
standard duplex fuel nozzle of the J47 engine did and provided a lower
outlet-temperature spread.

Omitting the thimbles from the standard J47 engine liner, or en-
larging nine holes in the "root" portion of the thimbled liner, masde lit-
tle change in the deposition rate but did modify the outlet-temperature
distribution.

Deposition rate was relatively uneffected as combustor-outlet tem-
persture was decreased from 1600° to 1200° F; below 1200° F the rate in-
creased rapidly. The deposits decresased the effective turbine-stator
area faster as the temperature was decreased. The burning of JP-4 fuel
t0 remove boron oxide deposits from the combusitor-liner walls at gas tem-
peratures to 1725° F was ineffective. The ratio of the weight of deposits
on the combustor liner to the total weight of boron oxlde formed in the
conbustor was lower for pentaborane than for trimethyl borate azeotrope.

The influence of fuel additives on combustor deposits was investi-
gated. Potassium hydroxide added directly to boron oxide reduces the
viscosity of boron oxide and, therefore, would be expected to reduce the
tendency of the boron oxide to stick to surfaces. However, when 0.5 and
1.5 percent potassium hydroxide was added to the trimethyl borate fuel
the deposits in the combustor increased.
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Condensed boron oxide deposits in the turbine-nozzle passages in
three distinct ways:

(1) A fine film is deposited by the very small droplets formed in
the flame zone. This film does not grow to any appreciable thickness.

(2) Large dropg of boron oxide are carried off the film on the liner
walls by the dir stresms entering the liner. When these drops impinge on
a stator blade they adhere for seversal seconds.

(3) The film on the walls of the transition section between combustor
and turbine stator flows intu the stator annulus and passes along the
inner and outer walls.

INTRODUCTION

In order to determine combustion charsacteristics of such boron hy-
dride fuels as diborane, penteborane, and pentaborane-hydrocarbon blends
in turbojet combustors, experimental investigations were Iinitiated at the
reguest of the Bureau of Aeronsutics, Department of the Navy, as part—of
Project Zip. Results of this work have shown that it 1s necessary to
reduce the deposits formed in cambustors when burning boron hydride fuels
(ref. 1). These deposits can distort outlet-temperature profiles, in-
crease combustor pressure losses, and reduce turbine efficiency.

Combustor deposits of two different types have been noted, and these
are believed to form by two different mechanisms: (1) boron hydrides de-
compose rapldly above 300° F (ref. 2) and yield solid products that are
much less reactive than the original material; and (2) boron oxides formed
during combustion can adhere to combustor surfaces and build up to ob-
jectionable size. Deposits formed principally by the Ffirst of these
processes are described in references 1 and 3, where burning for & short
time produced deposits around the fuel injector. These deposits inter-
ferred with the fuel spray. In both tests, it was found that modifying
the alr-flow pattern in the region of the fuel spray could eliminate this
kind of deposit. In each case, the-beneficial modifications involved
bringing additional cool alr arocund the fuel nozzle and promoting fuel-
air mixing close to the fuel nozzle. These changes reduced the fuel tem-
perature inside the nozzle and also reduced the time that fuel droplets
are exposed to flame radiation before becoming mixed with sufficient—air
to burn. In the more recent investigations with boron hydride fuels,
adequate cooling and fuel-air mixing are provided at the fuel injector;
in these tests the deposits consist principslly of a glassy boron oxide
film on the walls of the conventional combustor liner (refs. 4 and 5).

The size of boron oxide particles formed at turbojet combustor con-

ditions does not exceed 1.5x107 5itcéntimeters if these particles are not
allowed to come in comtact with the combustor walls (ref+—6). It was
concluded that such small particles follow the Plow streamlines and are
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brought to the walls principally by motion of molecular collision and not
by aerodynamic or inertis forces. Large particles of boron oxide have
been observed in the gas stream coming from conventional combustors when
burning boron-containing fuels. These large particles would not be ex-
pected to follow The flow streamlines. Consequently, they are deposited
on the walls where there is a change 1n the shape of the flow passage;
for example, in the turbine-inlet transition duct and In the turbilne-
nozzle diaphragm. As postulated in reference &, these large particles
of boron oxide are formed in the combustor in a definite manner: Some
of the tiny boron oxide particles that are formed in the gas stream are
deposited on the walls of the combustor liner. This results in a film
of molten boron oxide that flows along the walls of the combustor liner.
The gas stream in the combustor picks up portlions of the oxide film to
form the large particles.

An experimental turbojet combustor designed to eliminate deposits
was investigated in reference 4. The coumbustor was fabricated of a
porous wire cloth. A large quantity of air entered at the upstream end of
the combustor liner to eliminste the recirculatory flow. Liner surfaces
were filmed with air entering through the pores in the liner wall. The
deposits in this combustor were greatly reduced; however, the combustor-
outlet temperature proflle was unsatisfactory and the combustor would not
burn conventional jet fuel efficlently.

The ultimate solution to the problem of deposition when burning boron
hydride fuels in turbolet combustors would appear to be in combustors espe-
cially designed for thils purpose. While such a combustor is being de-
veloped, however, it 1s necessary to provide an interim combustor that
can burn boron hydride fuels with sufficlent freedom from deposits to
permit short-duration engine tests of these fuels. A conventional turbo-
Jet combustor with minor modifications appeared adequate for these re-
quirements. Furthermore, this combustor will burn conventional jet fuels
which makes possible facility and Instrumentation checks in advance of
the special fuel test.

The object of this investigation was to study factors affecting the
deposition of boron oxide in a conventional turbojet combustor so that
methods of controlling deposition can be established. The investigation
was conducted with a single J47 tubular combustor in a directly connected
duct rig. The boron-containing fuels used in this Investigation were
pentsborane snd trimethyl borate - methanol azeotrope. Test conditions
similated rated engine speed at 44,000 feet altitude and a flight Mach
pumber of 0.6. The study included the effect on combustor deposlits of
(1) fuel-nozzle and liner-design modifications, (2) mean combustor-outlet
temperature, (3) viscosity reduction of boron oxide by a fuel additive,
and (4) intermittent burning with jet fuel. Data are also presented on
combustion efficiency, pressure loss, and temperature profiles. Compari-
sons are made between these data and the results of g full-scale engine
investigation of these same boron-containing fuels.

e s .
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APPARATUS
Combustor Instellation

The combustion air was pessed through a heat exchanger and then
metered to the test installation (fig. 1); combustion products were dis-
charged into an exhaust system.

The tests were conducted in a single combustor from a J47 engine.
Three different combustor liners were used; & standard Iiner with thimbles
(figs. 2 and 3), a standard liner without thimbles, and a standard liner
with nine of the thimbled holes enlerged (fig. 3). They are designated
hereinafter as A, B, and C, redbectively.

The combustor-inlet and -outlet transition sections were segments of _
the corresponding sections of the complete engine. For part of the test
work the turbine nozzle annulsr section was modified so that it "necked
down" to the cross-section area of the nozzle passages. Simulated blades
were instelled in the "necked down" area (fig. 1). The surface area of
the cluster of blades and the passage area between them duplicated the
surface and throat areas of the nozzles behind each combustor in the
engine. : : -

Instrumentation

The arrangement of total-pressure probes and thermocouples is shown
in figure 4. The total-pressure probes in the exhaust stream were pro-
vided with a source of slr so that & continuous flow out of the openings
could be meintained to keep them clear of-deposits. The flow rate was
held low so that 1t caused a negligible error in the total-pressure meas-
urement. Temperature rakes 1, 3, 5, and 7, in section DD were each re-
placed with two total-pressure probes for the tests where the simulated
turbine-nozzle section was used.

Fuel Systemns

The fuel systems and the method of supplylng air for atomlizing the
fuel are shown in figure 5. The JP-4 fuel_system was used to bring the
conbustor into temperature equilibrium by burning the JP-4 fuel at test
condition before the test fuel was turned on. The test-fuel system was
provided with a JP-4 flush-fuel tank to purge the system immediately after
pentaborane tests were made.
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The fuels used 1n thils investigation are described in table I.

Fuel Nozzle

The fuel nozzles used 1n the investigations of pentaborane,
pentaborane -~ JP-4 blend, and trimethyl borate fuels are shown in figure
6. The six-port air-atomizing nozzle (I) used for the trimethyl borate fuel
tests In the single combustor test set up for this investigation is shown
in figure 6(a)}. The spray was extremely fine and the spray cone was not
hollow. The standard J47 duplex fuel nozzle (II} used for a trimethyl
borate test is shown in figure 6(b). The six-port air-atomizing nozzle
(III) used for the pentgborane tests 1in this investigation is shown in
figure 6(c). This nozzle had three ports for injecting and atomlizing
JP-4 fuel so that both fuels could be burned simultanecusly in varying
proportions. In the investigations reported in references 4 and 5, a
single-port air-stomizing nozzle (IV, fig. 6(d)) was used for penteborane
and penteborane - JP-4 blends. This nozzle provided a& much nerrower cone
engle than any of the others.

FROCEDURE

Test Conditions

The single combustor investligation was made at the following
conditions:

Combustor-inlet temperature, °F . . 1
Combustor-inlet total air pressure, in. Hg abs . 7.
Alr Plow, Ib/BEC & & & ¢ 4 v i 4 i 4 e e e e e e e e e e e e . . . 2.57
Simulsted flight altitude, £t . . ¢« ¢ + « « ¢« « + ¢ ¢ ¢ & o o . . 44,000
Simulated flight Mach number . . « + « « « = & « « s « « o« +» » « o 0.6
Simulated engine speed, percent of rated . . . ¢« . . . &« « . + . . 100

Table II lists the test runs and deta of the tesis made in this investi-
gation and also includes test data from references 4 and 5.

Except for the tests on the porous-wire-cloth combustor described
in reference 4, JP-4 fuel was burned to warm the equipment to test condi-
tions before the trimethyl borate or penteborane fuels were turned on.
The warming period served to reduce thermocouple radletion error and pre-
vent rapid accumilstion of deposits on cold combustor walls. When the
similated turbine-nozzle section was used in the single combustor tests
the exhaust plenum pressure was reduced so that the flow was always choked
at the nozzle.
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Calculations

Combustion efficiency T, wes calculated from the relation

_ enthalpy rise across the combustor
™ = T heat of combustion of the fuel

The enthalpy of the stream entering and leaving the combustor was deter-
mined from temperature and pressure measurements and the thermodynamic
properties of the resctants and combustion products determined from the
data in reference 7. It was assumed there was no dissoclstion in the
combustion products.

Combusgtor-outlet temperature. - The average combustor-ocutlet tempera-
ture was calculated as the arithmetlic mean of all the thermocouples in
section DD (figs. 1 and 4).

Combustor pressure loss. - The total-pressure loss through the com-
bustor was calculated as the dimengionless ratlic of the measured total-
pressure drop AP (total—pressure difference between stations AA and CC)
to the dynamic pressure ¢@. The dynamic pressure gq was calculated from
the combustor-lnliet density, the air-flow rate, andi the maximum cross-
sectional ares of the combustor housing of 0.48 square feet.

Tempersture spread. - The temperature spread AT was the difference
between the lowest and highest temperatures measured by the individually
wired thermocouples of section ID (fig. 4).

Mean temperature deviation. - The mean temperature deviation was the
arithmetic mean of the absolute values of the difference between each of
the temperatures messured by the individuaelly wired thermocouples and the
mean temperature at section DD (fig. 4).

Radlal-temperature profile. - The data for plotting the radial-
temperature profile were found by averaging thermocouples et the same
redial depth in rakes 2, 4, and 6 of section ID (fig. 4).

Circumferential-temperature profile. - The average of the five tem-

peratures on each rake (2, 4, and 6) were used to plot the circumferential-

temperature profile.

Deposition rate. - The deposition rate was taken as the weight ratio
of the solilde deposited on the combustor liner to the total boron oxide
formed by complete combustion of the fuel.

3913
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Effective open area of turbine stator. - The effective area ratiloc
AE of the stator-blade section was defined as

effective open area of the blade sectlon at any time
effective open area of the blade section before deposition

.A.E=

Each of the areas were computed from the continuity relation

s, fRE
P e
where
A area
Wé the sum of the rates of air and fuel flow minus the solid combus-~
tion products

P static pressure at the blade section
t static temperature at the blade section
£ acceleration due to gravity

R,vr thermodynamic constants for the combustlion gzses

RESULTS AND DISCUSSION
Combustor Bvaluation with Trimethyl Borate -
Methanol Azeotrope Fuel

Because of the limited supply of pentaborane, most of the tests were
conducted with trimethyl borate fuel.

Visual studies of deposits. - A window was installed 1in the single-
combustor test apparatus (fig. 1) in order to observe how the open area
of the simulated turblne-nozzle blades became constricted when trimethyl
borete fuel was used. Tt could be seen that oxide reached the similsated

blades in three distinct ways:

(1) A few seconds after the trimethyl borate was started the blade
surface became wetted with a very fine film of oxide that did not increase
in thickness. This is the wetting from the very small droplets formed in
the flame zone which have not Impinged on an upstream surface.
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(2) Soon after, drops carried from the growing f£ilm on the liner .
surfaces appeared 1n the gas stream in increaging numbers. When these
drops impinge on the leading edge of & blade they adhere at first, are
slowly stretched out into a filament by the stream forces, and. are re-
moved within a few seconds.

(3) The film on the transition section between combustor and stator
grows until it begins to flow downstream. Ifs progress to the amular
walls of the blade sectlon is slow and can be followed visually.

3913

Effect of operating time and fuel-nozzle design. - The total deposit
weights and the deposition retes are shown .in figure 7 for tests of tri-
methyl borate fuel in a standard liner with thinbles for a temperature
range fram 1425° to 1550° F. All tests, except run 19, were made with the
six-port air-atomizing nozzle. An air-atomizing nozzle 1s not necessary
for trimethyl borate fuel but it was deslred to achleve a flat combustor-
outlet~temperature profile so that the combustor could be used in a sub-
sequent full-scele turbine performence investigation. 1In addition, it
was desired to keep the trimethyl borate fuel inJection similer to that
for pentaborane in order to learn whether the deposits are gimilar for
the two fuels.

A curve 1is faired through the data obtalned with the air-atomizing
nozzle. The total depositlion and rate of deposition with the J47 duplex
nozzle were lower .than for the alr-stomizing nozzle. The smaller cone
angle of the spray of the J47 duplex nozzle Is believed to have reduced .
the length of liner exposed to boron oxide deposits. Also, the air- .
atomlzing nozzle provided faster fuel-air mikxing, and therefore the flame '
zone occurred farther upstream. Combustion efficiency varied from 93 to
99 percent and was not measurably affected by the change of nozzles.

The temperature spread and the mean temperature deviation of the
combustlon gases at the turbine-nozzle inlet for the two fuel nozzles is
shown in figure 8. Typlcal radisl-temperature profiles of the two fuel
nozzles 1s shown 1n figure. 2. Each radisl temperature is the mean of the
three temperatures measured by rakes ‘2, 4, and 6 (fig. 4). The air-
stomizing injector gave a lower temperature spread and lower temperseture
deviation than the standard J47 fuel nozzle but the radial-temperature
profiles for the two nozzles were gbout the same.

Temperature distribution in a test of longer duration with an ailr-
atomizing nozzle provided faster fuel-alr mixing, and therefore, the
flame zone occurred ferther upstream. Combustion efficiency veried fram
93 to 99 percent and was not measurably affected by the change of nozzles.
ture spresd and mean temperature deviation contlnue to lncrease throughout
the run, whereas the radial-temperature profile (fig. 11) changes very
little with time. The radial-temperature profile with JP-4 fuel is in- *
cluded to show its similarity to the trimethyl borate proflle. The



cTee

cq-2

NACA RM ES5LO7 = B 9

growing maldistribution of temperature is principally clrcumferential
(fig. 12) and it 1s apparent that an engine could not operate very long
as this temperature spread increases.

The combusior-pressure loss was gbout the same for each of the noz-
zles and stayed approximately constant at a value of 10 for the duration
of each of the tests with trimethyl borate fuel (table II). Unpublished
tests on a full-scale J47 engine using trimethyl borate fuel and in the
same combustor-outlet-temperature range showed no variation of combustor
pressure loss with time.

Effect of combusftor-liner modifications. - It appeared that the
thimbles could be providing shelters which promoted the collection of
oxides (fig. 13(a)). 1In order to determine the influence of thimbles on
deposition, tests were made on & liner without thimbles (fig. 13{(b)). In
order to improve the outlet-temperature profile, tests were slso conducted
on a liner with nine enlarged holes (fig. lS(c)S. The three liners are
shown after each one had run about 70 minutes with trimethyl borate at
gbout 1550° F. The weight of deposits in the liner with enlarged holes
(C) was not recorded with the test results because the fuel flow was
unintentionally interrupted several times during the test.

The deposition rate for the liner without thimbles (B) end the dep-
osltion rate for the liner with thimbles (A)(fig. 7) is shown in filgure l4.
From these data and the photographs in figure 13, these liner variations
apparently have no lmportant effect on deposition rsate.

In the course of the full-scale JAT tests with trimethyl borate fuel,
& six-port air-atamizing fuel nozzle, and a standard liner with thimbles,
a turbine-wheel failure occurred that could have been due to high tempera-
ture at the blade root. The liner with nine enlarged holes was used to
lower the temperatures near the turbine blade rooct. This modification
lowered the root temperature sbout 200° (fig. 15). Omitting the thimbles
or enlarging the holes increased the tempersature spread and the mean tem-
perature deviation (fig. 16). Neither of the modifications had any meas-
urable effect on the combustion efficiency.

Effect of combustor-outlet temperature. - The effect of combustor
gas temperature on depositlion for single combustor and full-scale engine
investigations are shown in figure 17. (The full-scale engine test con-
ditions were & flight altlitude of 55,000 feet, flight Mach number of 0.8,
and 100-percent rated engine speed.) The deposition-rate curve (fig. 7)
for trimethyl borate fuel over a temperature renge of 1425° to 1550° F is
reproduced for comparison. The deposition-rate data for combustion tem-
peratures from 1000° to 1615° F show that there is no apprecigble increase
in deposition until the temperature drops below 1277° F. At 1000° F the
rate is sbout twice that at 1277° F.
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The decréase in effective turbine-nozzle area by boron oxide deposits
is shown in figure 18. The decrease is much more rapid at 1320° F than at
1550° F. Effective turbine-nozzle-area calculations for the full-scale
engine tests showed trends similar to these single-combustor tests; how-
ever, the nozzle-aresa reduction was less in the full-scale engine tests.
The decrease in area with time in the turbine stator of a J47 engine
fueled with trimethyl borate is shown in figure 19 for combustor-outlet
temperatures of 1277° and 1615° F. At the higher temperature there was
no measurable decrease in turblne=-nozzle aree; at the lower temperature
there was about a 3-percent decrease in turbine-nozzle area in 2 hours.

The effect of mean combustor-outlet temperature on radisl-temperature
profile for JP-4 and trimethyl borate fuels in the liner with thimbles (A)
ig given in flgure 20. The profiles with JP-4 fuel were determined to see
what the combustor behavior is with a nondeposliting fuel. The JP-4 pro-
file curvature incressed with temperature. The trimethyl borate profiles
were slmilar to those obtalned with JP-4 fuel except that at the highest
temperature, 1725° F, the temperature became much higher at the root than
at the tip. The probable cause for the profile distortion bhecame apparent
when the nozzle was operated wlth water in order to observe the spray
properties. The liquid flow rate of the trimethyl borate at 1725° F
wae found to be above the capacity of the nozzle to produce a flne spray.

Effect of potassium hydroxide as a Tuel additive. - Potassglum hy-
droxide was used as a fuel additive because 1t has been shown to reduce
the viscosity of boron oxide (refs. 8 and 9). Trimethyl borate fuel with
0.5 and 1.5 percent potassium hydroxide gave unexpectedly high deposition
rates (fig. 21). The liner, transition section, and simlated turbine-
nozzle section are illustrated in figure 22 when clean, after 5 hours of
trimethyl borate fuel burning at 1550° F, and after 70 minutes of burning
trimethyl borate fuel plus 1.5 percent potassium hydroxide at the same
temperature; each fuel test begimning with clean apparatus. The pictures
of liner and transition section clearly show the increased bulk of deposit
when potassium hydroxide 1s added to trimethyl borate. The data given 1n
figure 23 show that the decrease in stator ares was accelerated when
potassium hydroxide was added to the fuel. The pressure loss, temperature
spread, and mean temperature deviation all increased much more with the
1.5 percent potassium hydroxide additive present (fig. 24). The radial-
te?perature profile fluctuated erratically with the fuel additive (fig.
25).

When the test was begun with the fuel addltive the proflle was simi-~
lar to that obtalned with the pure fuel (figs. 25 and 11). The change in
tempersture distribution was apparently due to dlsturbances in the flow
pattern caused by deposits and was not a result of a change in the com-
bustlion property of the fuel. Analysis of the deposited materlal showed
that the potessium hydroxide concentration was much higher than would re-
sult from a homogeneoug nmixture of the combustion products. The deposits
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were goft and crumbly instead of hard and glossy as when trimethyl borate
without an additive i1s burned. It appears then that potassium hydroxide
deposits separately. The reduction in the viscosity of boron oxide in-
dicated by the data of references 8 and 9 was posslbly not realized because
the potassium hydroxide did not have time to go into solution with the bo-
ron oxide before the condensed materisls impinged on the liner walils.

Combustor Cleanout by Burning JP-4 Fuel

A test was made to determine whether the deposits in the liner and
on other surfaces could be removed.or reduced by changing to JP-4 fuel
after a quantity of boron oxide bhad been deposited. Trimethyl borate and
JP-4 fuels were burned in a standard combustor in the order and for the
time periods and temperstures shown in figure 26. The temperature spread,
mean temperature deviation, and pressure drop increased as trimethyl
borate was burned In en initially clean, preheated combustor at 1500° F
outlet temperature. Then JP-4 fuel was substituted for the trimethyl
borate fuel without interrupting the burning or changing the temperature.
One hour after the JP-4 fuel was started there was no appreclable change
in temperature distribution or pressure drop. Trimethyl borate and JP-4
fuels were then successively burned at somewhat higher temperatures with
no further change in temperature distribution or pressure drop. The
eappearance of the oxlide deposits at temporary shutdown after 200 minutes
of running and again at the final shutdown at 320 minutes is shown in
figure 27.

Combustor Bvaluation with Pentaborane PFuel

Deposition rate. - The curve of the deposition rate of pentaborane
is compared with the curve for trimethyl borate deposition (fig. 7) in
figure 28. All the dsta in figure 28 were taken at the same nominal com~
bustor conditionse. Runeg 23 and 24 were made with the liner with nine en-
larged holes (C) and the six-ported air-atomizing nozzle (III). The test
from reference 5 was made with a 66.8-percent blend of pentaborane in
JP-4 fuel in a J47 liner with thimbles (A) and with the single-port noz-
zle (IV). The data from reference 4 were teken under the same conditions
as reference S5 except that pure pentsborane fuel and & porous-wire-cloth
liner (liner D) were used.

The date of figure 28 show that the deposition rate with pentaborarne
is lower than with trimethyl borate Ffor the configuration and conditions
covered. A possible explanstion for this phenomenon is suggested as
follows: T ' : -

Since a higher boron oxide concentratlon resulis from burning penta-
borane fuel as compared with burning trimethyl borate fuel et the same
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combustor temperature, the mean drop size of the condemnsed oxide will be

larger. In the size range of 1%107° centimeters, motlon of the perticles
to the duct walls results principally from molecular collisions. The
frequency of collision will vary directly as the particles' projected area
or the particles' diameter squared, and the velocity due to collision will
vary inversely as the mass or the dismeter cubed. The net effect is, as
gstated in Fick's law (ref. 10}, that deposition, as herein defined, is
inversely proportlional to the particle diameter.

Comparison of the pentaborane data in the various combustor configu-
ratlons shows that depositlon is decreased by decresgsing the cone angle
of the fuel stomizer. Air filming the liner surfaces by the use of
porous wire cloth further reduced the deposition.

3913

Combuetion efficlency. - The combustion efficiency, determined from
the enthalpy rise across the combustor was about the same for trimethyl
borate and pentaborane fuels (fig. 29). Also, the efficlency did not
change apprecisbly witk time. In the pentaborane test of run 24, effi-
ciency appears to increase from 36 to sbout 98 percent in the 20-minute-
test period; however, it is believed that thils 1s not a significant trend
but only data scatter.

Temperature distribution. - The mean deviation and temperature spread
obtained with pentaborane in the liner with nine enlarged holes (C) is ‘
shown in figure 30. The data scattered too much and the test period was
too short to establish a tremd. According to the trimethkyl borate data,
it is expected that with long-period operation the temperature spread and -
devigtion willl lncrease. '

The radial-temperature profiles of several penteborane tests, a
trimethyl boraete test, end a JP-4 test are shown 1n figure 31. The
trimethyl borate profile curve from figure 11 (run 11), taken 5 minutes
efter the start of the test, is reproduced for comparison; this test was
made at 1550° F with a thimbled liner (A) and the six-port alr-atomizing
nozzle (I). The profile from run 1 was teken when pure pentaborane was
being burned in the same liner as run 1ll; however, the slx-port air-
atomizing nozzle (III) was used. With pentaborane the temperature was
about 200° F higher at the root than at the tip; with trimethyl borate,
the root and tip temperatures were nearly the same. Run 24 was made with
pentaborane in the liner that had nine holes enlarged (C) to lower the
root temperature. This modification was much less effective in lowering
the root temperature with pentaborane than with JP-4 fuel (run 24, fig.
31) or trimethyl borate fuel (run 20, fig. 15).

The difference in the susceptibility of the two temperature profiles

to liner modification is probably due in pert to the difference in the
fuel nozzles. The Ffuel injector is located on the liner centerline .
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which projects through the lower or root portlon of the turbine annulus
(fig. 1). Pentaborane burns close to the injector with much less fuel
spreading than less reactive fuels like JP-4 &nd trimethyl borate. The
shift from high to low root tempersture with change in fuel is probsebly
due to the change in flow pattern caused by the location and size of the
flame zone. The temperature-profile curve from the data of reference 5
shows that a flatter radial-tempersture profile results when the single-
port fuel nozzle (IV) is used in a J47 thimbled combustor than when the
same nozzle is used in s porous-wire-cloth liner (ref. 4).

SUMMARY OF RESULTS

The following results were cbtained from experimental investigation
of deposition of boron-containing fuels:

1. Oxide deposits are formed on turbine-nozzle blades by (a) the
small drops of oxide formed in the flame zone that wet the blade surfaces
with a very thin film; (b) the large drops of oxide that are carried from
the £film on the liner wealls by the alr stream and impinge on the blade
surfaces; and (c) the film on the tramsition section between combustor
and stator that grows untll it flows onto the annular walls of the
turblne-nozzle blades.

2. An air-atomizing nozzle provided & lower outlet-temperature spread
with trimethyl borate fuel, but a somewhat higher liner deposition rate,
than the standard J47 duplex nozzle.

3. The oxide deposits on the liner and stetor surfaces accumulated
at a decressing rate during 5 hours of burning trimethyl borate fuel in
a standard J47 liner with thinmbles.

4. Omitting the thimbles from a standard J47 liner, or enlarging nine
holes in the root portion of the thimbled liner, made little change in the
deposition rate for trimethyl borate fuel, but dlid modify the temperature
distribution.

5. Deposition rate changed very little as combustor-ocutlet tempera-
ture was decreased from 1600° to sbout 1200° F. Below 1200° F the rate
increased rapldly. The deposits decreased the effectlve turbine-nozzle
ares faster as the temperalure was decreased.

6. The influence of fuel addlitives was investigated by adding 0.5
and 1.5 percent potassium hydroxide to trimethyl borate fuel. The po-
tassium hydroxide added dlirectly to boron oxide reduced the viscosity of
boron oxide and, therefore, would be expected to reduce the tendency of
the oxide to stick to surfaces. However, the use of this additive in the
fuel increased combustor deposits.
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7. The burning of JP-4 fuel to remove boron oxide deposits from com-
bustor liner walls at temperatures up to 1725° P was ineffective.

8. The ratio of the welght of deposlts on the liner o the total
welght of boron oxlde formed in the combustor was lower for pentaborane
than for trimethyl borate azeotrope.

9. The combustlion efficiency was about the same for trimethyl borate
and pentaborane fuels.

10. Pentsborane gave a temperature profile with a higher root tem-
perature than JP-4 or trimethyl borate fuels.

Lewis Flight Propulsion Lsboratory )
Natlonsal Advisory Committee for Aeronsutics
Cleveland, Chio, December 39, 1955
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TABIE I, - FUEL PROPERTIES
Fuels
JP-4 | Pentaborane | Trimethyl borate -

methanol azeotrope

Lower heat of combustion,

I8
Btu/1b 18,600| 29,127 8052
Hydrogen-carbon ratio 80.174 ——— —————
Pounds of boron oxide pe? o 2.76 0.23

pound of fuel

BAversge of the batches used in this investigation.
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TABLE II. - DEPOSITION TEST DATA

Run |Run |[Com- |Fuel Fuel Time, | Combuator-| Combuator-| Air flow, |Fusl |[Avarage Nosszls| Combustor-| Ato— | Combustion | Presmure | Depodait
dura-|bue— |nozzle data inlet tem-|inlet 1b flow, |cosbustor-|inlet inlet ve~ |mizing|efflclency,| loasen waight
tien, | tor o~ perature, |total uo)és TE][1b/wec| putlat total |loclty, alr parcent | morcas (At end

mnin |liner corded, °p prassurae, a? temper- praf- ft/ne0 flow, opmbus- |of run,
win in. Beg aba ansu:':gj,;l mre, 1b/mea tor g
in. Hyg
abs
1 9.0 A I Py 1.5 67 33.0 5.32 0.040 1544 — 100 q.009 a3 ———— 239
b100 5.5 387 32.8 5.29 028 | 1815 | -oeo 100 98 -
b 4.5 387 32,7 5,17 028 150), ——— s .97, ——-
40 B.% 358 3%.0 5.29 .038 1554 —— 100 92 —
Psg 8,5 370 — 5.5 .038 1548 —— — 23 —ame
3 30.51 A I Trimethyl bharate 5 372 32.8 5.49 0.116 1600 —_— 106 (9. a3 10.3 254
15 378 32.7 5.46 - .12z 1688 ——pm 105 1] 10.4
3a 575 32.79 B.45 .l2z 1801 _———— 108 96 10.4 .
U
[ 70.8] A I Trimithyl borate 5 370 32.5 5.49 Q.119 1558 — 108 0.048 26 10.7 62 |
. 35 378 58.5 5.45 115 1556 — 108 4 90 10.5
70 376 52.8 5.49 114 1548 ———— 108 ] 10,
& 71.6f A I Erimethryl borate 5 547 35.6 5.59 0.113 1458 53.7 97 o.084 a7 10.4 494
35 580 35.8 3.93 116 1516 34,5 94 I 98 10.1
. 370 38.5 5.83 115 1519 3¢.3 95 7 10.4
- 1
7 s0.6| A I Irimeth¥l borate 2.6 388 38.5 9.4 0.081 1320 5.5 ! 104 0.08) 97 9.8 A7
38 575 35.1 6.4l .08l 1322 311l 103 28 2.8
8O 387 34.8 5.58 056 1338 2.6 | 101 96 9.8
a |120 A I Primathyl borsts| ---- — ———— ———- 0.0644[ 1000 - i -—— ——r—— - - 788
L] 35.4] a I JE-4 — 347 27.1 6.48 Q.015 766 24.9 | 122 0.054 - 10.7 bl
—— I65 31.% 5,5 A5 1M8 0.4 109 — 9.8 '
———— 387 4.4 5.43 .082 1598 %2.6 a8 —— 9.8 .
Trimethyl barate 3.8 387 3.6 5.43 0,140 1728 34.7 93 0.054 um 10.2 288
8.5 63 3.9 8idd 1119 1598 33.0 96 - 10.3
15.8 364 33,5 8.39 .105 1431 51.7 99 — 10.3
16.5 387 3.4 8.45 043 1500 30.5 | 105 -— 10.%
25.5 370 30,7 5.58 088 ilz0 28,7 ' 109 - 10.2
28.5 381 ¢8.8 B.54 .0Ba 8B4 27.7 112 - 10.0
35.5 32 30.5 D.48 087 e 28,8 113 - 10.8
T .
10 34.8] A I JP-4 368 27.1 S.41 0,014 81l 2.0 ¢ 125 a. - 1.0 - k
575 3l.2 5.48 . 1258 29.3 108 TBE - 0.8
——— 370 4.8 B.43 .051 1820 32.8 o8 - 11.1
Trimethyl borate 3.5 375 34.2 B.40 0.118 1860 32.4 a9 Q.055 - 9.3 883
+ 1.54 14.6 572 35.3 5.37 +088 1485 31.5 101 - 10.9
potasslium 19.5 576 33.1 B.4B 086 . 1505 30.8 104 -~ 10.9
hydroxida 24.5 37T 3p.2 5.81 004 1107 30.1 108 - 13.0
2.5 573 32.8 E.43 -0B0 g8l 0.9 104 an ———
4.5 3T8 3.3 5.47 .05% B840 34.8 - S& - ~——

- . * . ' s:‘te;:'_g.

81
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1l |300 A I Trimethyl borate 5 368 5.0 5.48 Q.124 1560 i%.2 : 87 0,0b3 83 8.6 1181
&0 170 35.7 5.57 . 125 1558 35.8 27 g5 8.4
120 et ] 3r.0 4.88 .07 1621 30.2 2] 3 6.9
140 418 32.0 5.00 106 153% 0.2 102 93 9.8
240 418 53,4 5,20 .108 1513 31.5 1035 93 9.8
300 07 335.8 5.30 ' L.104 1468 5.8 103 e 10.2
1ie 70.5] A I Trimethyl borate 1 370 54,3 .48 0.115 1528 . Bge ag 0,084 97 8.7 2434
+ 1.88 potansium| 30 373 38.0 5.48 28 1504  35.8 | 95 l a8 15.6
hydroxide 70 390 57.0 5.51 am |1 5.8 83 98 g1.8
15 71,8 A I Trimethyl horate 1 Iag : 36.2 5.77 0.11% 1514 34.3 ! 101 0.084 98 9.7 1417
+ 0.5 potasslium 30 3EE ' 34,7 5,48 114 1628 2.7 88 ¢ 98 10.1
hydraxide 61 3886 | IE.0 5.51 112 1800 2.8 | 98 g8 10.7
143 70.5 R b Trimathyl barate 5 38 re.B B.48 0,118 1511 X0.B ! 103 0,064 ] 12,5 378
30 74 52.4 8.4 .18 ' 1sag 0.5 | 108 1 98 12,2
70 373 32.7 5.48 118 1634 30.B | 108 98 12.2
18 70.8] A IT |Trimethyl borate 10 18 =5.0 g.58 0,118 1661 0.8 | 0o - 98 0.8 521
30 386 5x.Q 8,44 115 1518 0.8 |, 102 95 11.0
70 380 55.3 8.43 114 1604 al.0 . 101 96 10,68
dgg | ] @ I |trimetng) torate| ~vee- o v . — — — —— 0.008 - —— -
23 g.2] ¢ IIT |Pantgbarane 1 380 32.8 5.41 0.032 1806 .2 101 Q0,014 23 12.1 110
3 388 85,0 5.2% 2033 1668 3.3 101 008 ag 12.4
4.5 sea 53.0 5.28 O35 14B5 ALl.3 101 008 s 12.Q
R4 25 (4 IIT |JP-4 o] 374 58.0 5.58 0,044 1487 50,1 I 108 g.016 - 1 1.4 .
Fantaboprane 3 k1] 32.0 3.44 0.030 1E12 0.1 108 Q.016 98 12.5 ass
g a6 58,1 5.41 ,030 1616 0.1 105 98 2.3
15 368 582 5.48 0368 1634 50.2 104 0B 1a2.8
21 578 581 B.38 ,038 1544 30.2 105 ) l12.2
27 e A I |Trimethyl horate 1 369 3.8 5.58 0,107 14358 30,2 108 0.053 97 8.1 -
120 587 5.8 3.32 118 1504 30.3 105 OB3 94 9.0
JP-4 201 %87 38.4 5.64 0.048 1518 30.2 106 Q.063 o 9.1 ———
Trimathyl barata| RE1 588 3R.4 8,59 p,118 1475 50,2 108 0.087 . a5 8.2 -——
JP-d ;ee ee S8.4 5.47 0,058 1645 30.2 108 a.0B7 87 a.8 e
318 347 58.8 5.64 088 1724 30,3 106 .057 a6 8.2
Ref. 4| ¢.4| "D rIV Fentabprans 1 367 . 5.27 0.033 1EB6%7 ——— 101 Q. as - 3
1,9 385 52.1 5.50 033 1544 ——— 101 88 ———
-] 583 3.2 5,34 055 1852 ———— 108 80 e
3.0 e 32.8 5,59 ,03% 1BE7 ———— 103 91 ————
Ref, 5] 4 A Iv hBﬂ.B 1 388 58.8 8.4 0,037 1826 104 0.0074 a7 1%.9 n
2 367 58.9 5.51 058 1688 102 88 14.0
8 87 52.4 5,27 ,058 1878 101 98 13.8
BBazed on aombustor area of 0,48 pgq Pt. Run interrupted unintentionally several times.
Perasnt pantaborans in pentaborppa - JP-4 blend, ®porous-wirs-aloth liner (ref. 4).
%Hominal tesperature messured at station D'DS, T3ame as noegle IV axespt that JP~4 fusl passages and orifices are omitted.
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Figure 1. - J47 single combustor test installation.
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- Standard J 47 liner with thimbles. (Liner A)

Figure 2.
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Linexr A - - - Linher C
Figure 3. - Standard JAT liner with thimbles (A) snd with nine enlarged holes (c).
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O Total-pressure tubes
O Thermocouples (wired individually)

< Thermocouples (wired in parallel)

Figure 4. - Instrumentation sections.
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Figure 5. - Fuel and atomizing-gir systems.
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Trimethyl borate

or JP-4.7

{a) Air-atomizing 6-port nozzle used in trimathyi borate tests.
(Hozzle I) N o

(c) Air-estomizing 6-port norzle used Iin pentaborane tests,
(Nozzle ITI)

(a) Single-port air-etomizing nozzle. (Nozzle IV)

Flgure 6. -~ Fuel nozzles.
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Figure 7. - Total liner deposits end deposition rate. Liner Aj fuel, tripethyl borate;
conbustar-outlet temperature, 1425° to 1550° F.
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Figure 8. - Temperature spread and mean temperature
deviation. Liner Aj; fuel, trimethyl borate;
combustor-outlet temperature, 1550- F.
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Radial temperature, °F

Of RACA RM ES5LOT .
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— 1 '
Run Fuel nozzle
o} 11 I
o 19 IT
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—
o Y
1400
1600 : : ' "
T3 :
’\\‘
1400
Root .34 1.06 1.78 2.50 .22 Tip

Distance from stator root, in.

Figure 9. - Radlel-temperature profile. Liner A; fuel, trimethyl
borate; combustor-outlet temperature, 1550° F; running time,

30 minutes.
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Temperature spread, p
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Figure 10. - Temperature spread end mean temperature deviation. Liner A;
fuel nozzle I; fuel, trimethyl borate; combustor-outlet temperature
1550° F3 run 1l.
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Radial tempersture, O
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Figure 11. - Radial-temperature profile.

Distance from staetor root, in.

(£) Typiesl JP-4 run.

combustor-outlet temperature, 1550° F; run 11.

Liner A; fuel nozzle I;
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Figure 12. - Circumferential -temperature profile.
Iiner A; fuel nozzle I; fuel, trimethyl borate;
combustor-outlet temperature, 1550° F; run 11.
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(a) Iiner with thimbles (4), run 8.

F1 . -
gure 13 Liner deposits after bwrmning trimethyl borate at 1500° F for T0 mimtes.
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{b) Liner without thimbles (B), run 18.

Figure 13. - Coxbinusd. Iiner dsposits after burning trimethyl borate at 1550° ¥ for
70 mimutes.
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(c) Iiner with nino enlarged holes (C), run 20.

Figure 13. - Concluded. Iinar deposits after burning trimethyl borate at 1550° F for
T0 mimrtes,
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A (fig. 7)
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Flgure l4. - Comparison of depositlion rate for llners A and B.
fuel, trimethyl borate; combustor-outlet tempersature, 1550° F.
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Radial temperature, O

<A NACA RM E55LOT .
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o 18 B (without thirmbles) o
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Figure 15. - Radlsl-tempersture profile. Fuel nozzle I; fuel,
trimethyl borate; combustor-outlet temperature, 1550° F;
running time, 5 minutes.
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Figure 16. - Temperature spread and mean tempersture deviatlon.
fuel, trimthyl borate; combustor-outlet temperature, 1550° P.
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Figure 17. - Deposition rate for a range of combustor-outlet temperaturee

with trimethyl borate fuel.
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Flgure 18. - Decrease in plmuleted turblne-nozzle effective ares ratioc with time.
Liner A; fuel, trimethyl barate.
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Flgure 19. - Turbins-npzzle effective area ratio. TFuel, trimethyl borate; full-scale J47 englne
(unpublished imveatigation).
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Figure 21. - Deposition rate of trimethyl borate fuel with potassium hydroxide additive.

Liner A, fuel nozzle I.
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{(a) Liner, clean

Tigure 22. - Result of potessium hy@roxide additive on depositlon in combustor liner,

tranpition section, and simmlated twrbipe~noxzle section.
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(p) Liner, after 5 hours ogeration. Fuel, trimethyl borate; combustor-
outlet tempersture, 1550° F. :

Figure 22. - Contimied. Result of potassium hydroxide additive on deposition in combustor
liner, transition sectlon, and simulated turbine-nozzle sectlon.
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(¢) Liner, after 70 mimtes operation. Fuel, trimesthyl borate plus 1.5 percemt
potasslum hydroxlde; combustor-outlet temperature, 15502 F.

Figure 22. - Contimwed. Result of potassimm hydroxlde additive om deposition in combustor
liner, transition section, and simulated turbine-noxzgle section.
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(d) Transition saction, clean.

Flgure 22. - Contimied. Result of potassium hydroxide additive on deposition in combustor
liner, transition sectiom, and pimmlated turbine-nozzls section.
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(e) Trapsition section, after b hours operation. Fuel, trimethyl borate;
combugtor-ontlet temperature, 1550° .

Pigure 22, - Comtimued. Regult of potaseium hydroxide additive on deposition in combustor
1iner, trameition section, and simlated turbine-pozzle section.
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(f) Transition eectiomafter 70 mimnutes operation. Fuel, trimethyl borste
plus 1.5 percent potassiim hydroride! combustor-cwtlet temperaturs, 1550° F.

Figure 22. - Comtimed. Result of potassium hydroxide additive on deposition in combustor
i1iner, transition sectiom, and similated turbine-nozzle sestiom.
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(g) Bimulated turbine-nozzle section, cleen.

Pigure 22. ~ Contimusd. Result of potassium hydroxide additive on deposition in combuster
liner, trensition sectiom, and simulated tirbins-nozzle ssction.

LoIssE W VDVN

6%



(h) Similated turbine-nozzle section, after $ hours operstion. TFusl, trimethyl
barate; combustor-outlet tempersture, 1550° F.

Figure 22. - Contimued. Result of potassium hydroride additive on deposition in combuetor
lipsr, traneition section, and simlated turbine-nozzle ssction.
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(1) simulated turbine-nozzle sectiom,after 70 mimutes cperation, Fuel, trimethyl
borate plus 1.5 percent potassium nydroxide; combustor-outlet temperaturey1550° TF.

Figure 22. -~ Concluded. Result of potassium hydroxide additive on deposition in combustor
liner, transition sectiom, and simlated turbine-nozzle section.
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Eimilated turbine-nozzle effectlve

aerea ratio
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258

1 1 1 i T 1
Run Fuel
o 11  Trimethyl borate
o 12 Trimethyl borate + 1.5%
potassium hydroxide
1.0 0
Lo Y
- 5 —.‘___f-___
mA -‘ii-\_h__._~~ oL
.98 ~F 9 o o
L
1} o
o
.96 .
0 40 BO 120 160 200 240 280 320
Time, min

Figure 23. - Decrease in silmulated turblne-nozzle effective area ratio for trimethyl borete
fuel with and without potassium hydroxide additive. Combustor-outlet temperature, 1550° F.

LoTseH WM vovMd

cT6% ' !




3913

NACA RM ESSLOT R

24
g 1]
20
. pd
i
g o / Run Fuel
,ai 15 o 6 Trimethyl borate ]
2 O 12 Trimethyl borate + 1.5%
+$ potassium hydroxide
5 3 © 15 Trimethyl borate + 0.5% |
° / potassium hydroxide
-l
) 12 4
[~
N e D
)
8
600
il i o
> 400
i VA )
ﬁ- o 3 /
) / Vd
g e
@ b
& >< - oo
o—T0 [+ ~ [o]
0
e
g 200
i
H
B
'g /
[+
8 100
] o @
H] o
LY S S
5 ol OO0 A% T
E o] 20 40 80 80

Time, min
Figure 24. - Combustor pressurs drop, temperature spread, and mean tempera-

ture deviation for trimethyl borate fuel wlith and without potassium
hydroxide addlitive.
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Figure 25. -~ Varlsgtion with time of readisl-temperature

profile of trimethyl borate fuel plus 1.5 percent
potassium hydroxide edditive. Run 12.
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(a) After 140 minutes of burning trimethyl borate, and 60 mimites of burning JP-4.

Figure 27. - Liner deposits. Run 27.
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{b) After completion of clesnout tests.

Figre 27. - Conoluded. Liner deposits.
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Run  Combustor Puel Puel
liner nozzle
o] 23 ¥ ITT Pentaborane
a) 24 c ITT Pentaborane
2 < Ref. B A v Pentaborane
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Flgure 28. - Comparison of deposition rates obtained with pentshorane fuel and trimethyl
borate fuel.
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Figure 29. - Combustion efficiency of trimethyl borate and penteborane in g J47

combustor.
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Figure 30. - Temperature spreed and mean temperature deviation obtained with
pentaborane fuel. Liner C; fuel nozzle III; run 24.
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Figure 31. - Combustor-outlet radial-tamperature profiles obtained with several fuels.
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